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The chances of finding out what’s really
going on in the universe are so remote,
the only thing to do is hang the sense of it





Submarine canyons are well documented, both around New Zealand and
globally, but questions remain around the processes involved in their for-
mation and evolution as well as around how their morphology reflects
their developmental history. The Waitaki Canyon, located at the edge of
the passive Otago Shelf in the Canterbury Basin, southeast New Zealand,
presents an opportunity to investigate the near-surface features associ-
ated with a shelf-indenting submarine canyon using high-resolution seis-
mic data.
One such high-resolution survey was conducted in early 2015, collect-
ing approximately 270 km of boomer seismic data in a high-density sur-
vey pattern centred at the head of the Waitaki Canyon. Approximately
40 km2 of the seafloor bathymetric data was also collected during that
cruise. These data were analysed, along with approximately 100 km of
boomer seismic data from a previous survey in the area and a selection
of lower resolution seismic data from surveys conducted by the hydrocar-
bon industry, to investigate the subsurface structures in the vicinity of
the Waitaki Canyon for evidence of changes in the canyon’s morphology
throughout the Quaternary Period.
South of the Waitaki Canyon, a large (several kilometres across) asymmet-
v
rical system of infilled paleochannels is intersected by a canyon-parallel
survey line and canyon-perpendicular lines. Several high-order sequence
boundaries are identifed throughout the survey area, and a region of
seafloor depressions is observed on a ridge near the head of the canyon.
Seismic reflections from the outer parts of the across-shelf survey lines
are generally conformable, and do not show evidence of significant lateral
migration of the canyon’s point of incision.
The preferred interpretation of the stratigraphy and structures imaged
in the data is that they represent the poorly preserved upper reaches of
a series of paleochannels that had their heads somewhere west of the
present canyon head and curved, or kinked, in very shallow S-shapes to
rejoin the present path of the canyon. The canyon-parallel survey line
thus intersects this kink and then approximately follows the centreline of
the infilled channel, resulting in an asymmetric subsurface feature. The
more recent symmetrical features are interpreted as non-axial tributaries
or vestigial remains of this larger paleochannel.
This research has uncovered previously unknown features related to the
Waitaki Canyon; however, more work is necessary to fully understand the
relationship of those features to the present-day form of the canyon and
the processes that were involved in their development.
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1. Introduction
1.1. Purpose of Thesis
The Waitaki Canyon is major submarine feature off the coast of North
Otago, New Zealand (Fig. 1.1). It is the northernmost and largest of sev-
eral canyons in the region which together comprise the Otago Canyon
System and act as tributaries of the Bounty Channel and Fan Complex
(Forsyth, 2001; Osterberg, 2006; Gorman et al., 2013). These canyons
provide pathways for sediment from the shelf to travel to deeper water
where accommodation space is available, particularly during periods when
there is limited opportunity for deposition in the shelfal regions around
south-east New Zealand (Osterberg, 2006).
The Waitaki Canyon is incised approximately 14 kilometres into the con-
tinental shelf; at the edge of the continental shelf it is approximately 7000
m wide and is incised to a depth of 1000 m below sea-level. Knowledge
of the behaviour of these canyons and the role they play in sedimentary
transport is important to our understanding of how sedimentary systems
behave at the edges of continental shelves.
1
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Figure 1.1.: (a) The present day eastern South Island and Canterbury
Basin, showing the modern bathymetry and coastline. Dashed lines
indicate the approximate locations of the shoreline and/or shelf-edge
over the western Canterbury Basin. (b) The present day oceanic cur-
rents and water masses that dominate the hydrological regime in the
New Zealand region. STF = Subtropical Front. SAF = Sub-Antarctic
Front. The Southland Current is the northward flowing ocean current
that occurs at the STF southeast of New Zealand. Figure modified from
Carter (2007).
While there has been a large amount of research into the processes in-
volved in the formation, evolution, and disappearance of submarine canyons,
a number of important questions remain concerning:
1. How the physical expression of the Waitaki Canyon has developed
and evolved throughout its existence,




3. Sediment transport processes that are currently active within the
Waitaki Canyon.
This research uses multichannel seismic data and multibeam bathymet-
ric echosoundings to investigate features on the seafloor and in the near
subsurface of the sediments surrounding the upper reaches of the Wait-
aki Canyon. A total of 300 km of multichannel boomer survey lines col-
lected by the University of Otago research vessel RV Polaris II have been
processed and interpreted, and together with approximately 250 km of
industrial 2D seismic surveying, the near surface structures in the Qua-
ternary and Tertiary sediments that comprise the upper 200 to 300 ms of
seismic sections in the area have been identified.
1.2. Background
1.2.1. Otago Canyon System
The Otago Canyon System (OCS, Fig. 1.2), also known as the marginal
component of the Otago Fan Complex, is an extensive system of ~9 major
and many more minor submarine canyons and gullies bisecting approx-
imately 200 km of the narrow (between 10 and 30 km wide) and shallow
(rarely greater than 120 m water depth) continental shelf and slope off the
southeast coast of New Zealand’s South Island. As a part of the Bounty
Channel and Fan Complex, these canyons and fans feed the North, Cen-
tre, and South Bounty Channels which merge approximately 200 km from
the shelf edge to form the Bounty Trough, which in turn extends approx-
3
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imately 750 km eastward before debouching onto the Bounty Fan (Carter
and Carter, 1988).
Figure 1.2.: The Otago Canyon System (Bathymetric data from NIWA)
The present day Bounty Channel and Fan Complex is the modern expres-
sion of a sedimentary system that has remained largely unchanged since
the early Miocene, with evidence suggesting that a submarine channel
system has existed in the Bounty Trough for the past 55-60 Ma (Carter
and Carter, 1987). The Karitane Canyon, a shelf-indenting canyon situ-
ated immediately northeast of the Otago Peninsula that is similar to the
Waitaki Canyon in both morphology and size, is thought to have been ac-
tive in downslope sediment transport since at least the beginning of the
Pleistocene, and possibly since the early Pliocene (Gray, 1993).
The controls on canyon development within the OCS are not fully un-
derstood; however the formation of shelf-indenting canyons such as the
4
1.2 Background
Waitaki Canyon has traditionally been linked to incision of shelf sediments
by fluvial systems during sea level lowstands (Gorman et al., 2013). The
influence of underlying structural features such as coast-perpendicular
faulting and basement structures are also theorised to have potentially
focused channel incision across the shelf, a concept supported by the lo-
cation of the Karitane Canyon directly offshore of the Waihemo Fault Sys-
tem (Gorman et al., 2013). A number of other factors have been identified
by Gorman et al. (2013) as requiring further investigation with respect to
their possible influence on the positions of Otago canyons.
1. The northward-flowing Southland Current is constricted during high-
stands by the groyne-like Otago Peninsula, accelerating and possibly
deflecting water masses and sediments offshore independently from
terrestrial river systems (e.g. Herzer, 1979; Lu et al., 2003).
2. The potential effects on shelf-canyon sequence architecture of the
nearby Dunedin Volcanic Complex are poorly known.
3. The extent to which highstand bathymetry is affected by lowstand
geomorphic features is poorly understood at terrestrial-marine tran-
sitions e.g. the mid and outer shelf.
4. The influence of subsurface fluid flow, independent or otherwise of
structural controls, at the shelf edge could be conducive to weaker
sediments in areas of elevated fluid pressure, leading to increased
headwards incision and canyon development (Orpin, 1997).
5
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1.2.2. Submarine canyons in other settings
Submarine canyons are ubiquitous features, occurring on the shelf and
slope of every continental margin around the globe. A large body of re-
search has accumulated since the late 19th century (e.g. Daly, 1936),
finding that canyons can be broadly divided into three categories (Harris
and Whiteway, 2011; Puig et al., 2014):
Type 1 shelf-incising canyons with a clear bathymetric connection to
a major river system;
Type 2 shelf-incising canyons with no clear bathymetric connection
to a major river system;
Type 3 blind canyons incised onto the continental slope.
They act as conduits for sediment to travel from continental regions to
deep sea depositional settings (Harris and Whiteway, 2011). Canyons are
present on both active and passive continental margins, although an in-
ventory of 5849 large submarine canyons found that active margins con-
tain 15% more canyons than passive margins, and that there are broad
morphological differences between canyons in each setting. Canyons in
active margins were observed to be more numerous, steeper, shorter, and
more closely spaced than those on passive margins, whereas passive mar-
gin canyons are associated with sediment deposits >2.5 times the mean
deposit thickness associated with activemargin canyons (Harris andWhite-
way, 2011).
6
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1.3. Structure of Thesis
Chapter 1: Introduces the motivation for this research and briefly de-
scribes the existing state of knowledge surrounding the OCS and subma-
rine canyon systems.
Chapter 2: describes the geological and hydrological setting of the North
Otago continental shelf. Section 2.1 gives a summary of the modern set-
ting of the Waitaki Canyon and the various factors involved in its develop-
ment. Section 2.2 describes the early development of the Zealandia con-
tinent from the late Cretaceous until peak marine transgression in the
late Oligocene. Section 2.3 describes the development of the Canterbury
Basin and the modern passive continental margin.
Chapter 3: Outlines the techniques used to collect the seismic and multi-
beam data used in this research. Section 3.1 is an overview of the chap-
ter and introduces the data types used and their sources. Section 3.2
describes the acquisition of the industrial 2D seismic data used in this
research. Section 3.3 describes the acquisition of the two high-resolution
multichannel boomer seismic datasets used in this research. Section 3.4
describes the acquisition of the multibeam bathymetric data used in this
research.
Chapter 4: Describes the processing of the seismic and multibeam data.
Section 4.1 provides a brief overview of the data used and the purpose of
processing. Section 4.2 describes the GLOBE Claritas seismic processing
flow in detail. Section 4.3 provides an abridged description of the process-
ing applied to the multibeam bathymetric data using Caris HIPS/SIPS.
Chapter 5: Explores the data within the context of the Waitaki Canyon
7
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and its development. Section 5.2 presents the observations relating to
the present day morphology of the Waitaki Canyon and discusses these
with reference to modern and recent sedimentary processes. Section 5.3
focuses on the seismic stratigraphy in the vicinity of the Waitaki Canyon.
Section 5.4 focuses on the subsurface features that relate to paleochan-
nels and the location of the canyon.





The Canterbury Basin contains a record of a single, tectonically driven,
transgressive-regressive cycle that encompasses the last ~80 Ma (Lu and
Fulthorpe, 2004). The transient interplay of uplift and erosion rates, spa-
tial organisation and carrying capacity of river networks, marine currents
associated with the Subtropical Front, and relative sea level, have all con-
tributed to the sedimentological evolution of the Otago continental margin
since its inception (Osterberg, 2006). These factors all ultimately depend
on local and global climatic conditions.
This section will briefly summarise how these complex factors have been
instrumental in the development of the present-day southeast South Is-
land margin and the Canterbury Basin. Particular attention will be given
to those events and changes which have occurred during the Quaternary
Period and are therefore likely to have directly affected the development
of the Waitaki Canyon during this time.
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2.2. Origins of Zealandia and genesis of the
Canterbury Basin
While the land area of New Zealand is comprised primarily of the three
main islands, these represent only approximately 10% of a much larger
continental mass known as Zealandia that has approximately half the
area of Australia (Fig. 2.1) (Mortimer, 2004; Lewis et al., 2013). Zealan-
dia’s crustal components were accreted onto the Gondwana plate margin
during the Paleozoic and Mesozoic eras and then rifted away from Gond-
wana during the latter half of the Cretaceous. They are now the metamor-
phosed and highly deformed rocks forming Zealandia’s basement (Mor-
timer, 2004; Cox and Sutherland, 2007; Mortimer et al., 2014).
Figure 2.1.: Zealandia (the New Zealand continent) showing the present
day extent of submerged continental crust and high-standing oceanic
crust (Lewis et al., 2013)
Rifting between the regions of Gondwanan continental crust that became
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Zealandia, Antarctica, and Australia began at approximately 81 Ma (Mol-
nar et al., 1975); this seafloor spreading continued along a mid-ocean
ridge system in what is now the South Pacific until 55 Ma (Fig. 2.2)
(Carter, 1988; Mortimer, 2004; Segev et al., 2012; Bache et al., 2014).
As the continental crust underwent thermal cooling, marine transgres-
sion occurred (Carter, 1988; Cox and Sutherland, 2007; Mortimer et al.,
2014), culminating in the mid/late Oligocene when it has been suggested
that total immersion of Zealandia’s continental crust may have occurred
(Landis et al., 2008). More recent research suggests that total immersion
of Zealandia at any point is unlikely to have occurred (Lee et al., 2014;
Scott et al., 2014; Strogen et al., 2014), although the scarcity of con-
firmed ages and geographically limited evidence has made it difficult to
state definitively whether land was emergent continuously over the entire
period or not, leading to ongoing discussion of the topic.
The extensive inundation of Zealandia resulted in a depositional hiatus
during the early/mid Oligocene that is represented by the Marshall Para-
conformity, a marker indicating the widespread submarine erosion and
winnowing that has been recorded in the Tasman Sea, on Lord Howe
Rise, and in basins around southern New Zealand (Carter et al., 2004a;
Cox and Sutherland, 2007). This rifting and submersion also instigated
the development of a passive continental margin system, the landward
edge of which is represented in the present day by the Canterbury Basin
(Fulthorpe, 1991).
11


























































































2.3 Neogene marine regression, inception of the Alpine Fault, and
development of the modern continental margin
2.3. Neogene marine regression, inception of the
Alpine Fault, and development of the modern
continental margin
While the precise timing and extent of peak inundation of Zealandia has
proved difficult to determine, it is clear that a combination of cooling
global temperatures and regional tectonic actions have resulted in gener-
ally falling sea levels since approximately the Oligocene-Miocene bound-
ary, leading to a change from the epicontinental transgressive sedimen-
tary patterns of the late Paleogene to more active fault-localised sedimen-
tation and regression (Lu et al., 2005; Cox and Sutherland, 2007; Mor-
timer et al., 2014). The appearance of a new, voluminous and widespread
source of terrigenous sediment near the Oligocene-Miocene boundary is
probably linked to the development of the strike-slip Australian-Pacific
plate boundary (Lu et al., 2003; Carter et al., 2004a; Carter, 2007; Cox
and Sutherland, 2007).
Despite its close proximity to the plate boundary, and the known onshore
fault systems, the offshore Canterbury Basin has remained relatively sta-
ble since the initiation of rifting from Gondwana, with subsidence of cen-
tral (offshore) regions from ~80 Ma until the late Miocene able to be ac-
counted for using a simple model of thermal cooling (Lu et al., 2003, 2005).
Between ~10 and 6 Ma the rate of subsidence increased beyond that pre-
dicted by thermal cooling, probably reflecting the influence of increas-
ing convergence at the Alpine Fault; however at least one previous high-
resolution (30-140 Hz, vertical resolution ~5 m withing the upper 0.5 s)
multichannel seismic survey of the shelf north of the Waitaki Canyon ob-
13
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served an absence of folding and faulting (Lu et al., 2005).
The geology of onshore eastern Otago is dominated by tectonic inversion
structures related to the post-rift evolution of the transpressional plate
boundary, with most faults in the region trending NE-SW parallel to the
Alpine Fault (Gorman et al., 2013). Offshore coast-parallel extensional
structures have been observed that probably have been susceptible to re-
activation under compression; however no active or paleo-seismicity has
been confirmed (Carter, 1988; Gorman et al., 2013). Along with the coast-
parallel features that traverse the Otago coastline there is also a series of
regional faults oriented NW-SE, the offshore extent of which is the subject
of ongoing research (Forsyth, 2001; Gorman et al., 2013).
The sedimentary history of the Canterbury Basin since the late Creta-
ceous rifting comprises a single transgressive-regressive cycle driven by
regional tectonic evolution (Fig. 2.3) (Lu and Fulthorpe, 2004). Aver-
age shelf progradation rates off the east coast of the South Island have
been between 1.5 and 1.9 km/Myr since the late Oligocene (Carter et al.,
2004b), while linear sedimentation rates have been relatively high, with
values of between <15 and ~25 mm/yr calculated for sequences deposited
since the early Miocene (Lu et al., 2005). Evidence from thermochrono-
logic measurements of exhumation rates in the Southern Alps suggest
that erosion rates have remained nearly constant throughout multiple
glacial cycles (Herman et al., 2010).
In contrast to the findings of Herman et al. (2010), sedimentation rates
in the Canterbury Basin were high during the early-middle Miocene, a
time of comparatively low Pacific-Australian convergence rates; this has
been interpreted as indicating that climatic and eustatic forcing may have
14
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Chapter 2 Regional Setting
been a primary driver of sedimentation rather than tectonic convergence
(Lu et al., 2003, 2005). The interruption of sediment transport between
erosion of material in New Zealand’s alpine hinterlands and deposition
in marine settings may be responsible for this apparent contradiction,
with the formation of lacustrine sediment traps in post-glacial landscapes
decreasing the volume of sediment reaching the marine environment (e.g.
Carter and Carter, 1990).
Convergence rates at the Pacific-Australian plate boundary have been in-
creasing since approximately 6 Ma, and the resulting accelerated uplift
of the Southern Alps has continued to produce large amounts of lithic
detritus throughout the Quaternary (Lu et al., 2005). An increase in con-
vergence rate across this plate boundary occurred in the late Miocene,
resulting in rapid uplift of the Southern Alps and a concomitant increase
in lithic-dominated sedimentation offshore of the South Island which re-
sulted in prograding sediment wedges across the continental shelf (Lu and
Fulthorpe, 2004; Cox and Sutherland, 2007).
Deposition rates at the distal depocentres of the Eastern New Zealand
Oceanic Sedimentary System (ENZOSS), a large sediment recycling sys-
tem extending along the eastern Zealandia margin that began in the early
Oligocene, increase during glacial periods to 2-3 times interglacial rates
(Carter et al., 2004a). During interglacial highstands, sediment is largely
confined to the continental margin, where along-shelf transport becomes
dominant and results in shelf-building and contourite deposition along
much of New Zealand’s eastern margin (e.g. Carter, 1988; Fulthorpe and
Carter, 1991; Carter et al., 2000).
Beginning at around 24 Ma, large, elongate sediment drifts began to ac-
16
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cumulate on the slope at water depths between approximately 400 and
1500 m (Carter, 2007). These sediment drifts are a significant feature of
the sequence architecture of the Canterbury Basin that have been com-
mon until very recent geological times (Fig. 2.4), with drifts giving way
to prograding shelf clinoforms at 0.252 Ma (Carter et al., 2004b; Carter,
2007). Faugéres et al. (1999) were unable to identify a clear link between
drift development and climate or sea level, finding instead that drifts show
more or less random variation in growth related to current intensity over
time scales of 0.1 to 1 Ma during the Neogene. More recent research into
the role of ocean currents in drift development found evidence for varia-
tion in ocean current strength contributing to the changing architecture of
the Canterbury Drifts, possibly as a result of climatic deterioration during
the mid-Miocene (Lu et al., 2003; Lu and Fulthorpe, 2004; Carter, 2007).
17
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Figure 2.4.: Schematic diagrams showing shelf processes in the Can-
terbury Basin from the mid Miocene to the Holocene (from Lu and
Fulthorpe, 2004).
Evidence from multiple sources (Lu et al., 2003; Lu and Fulthorpe, 2004;
Carter, 2007) supports the idea that the ocean currents around south-
east New Zealand increased in intensity during the middle Miocene. The
effect of the Coriolis force on bottom-water currents is also well docu-
mented, both in laboratory settings (Boyer et al., 2000) and through ob-
18
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servation (Carter and Carter, 1988; Viana et al., 1998; Carter et al., 2004a;
Kolla et al., 2007).
The modern hydrographic regime off south-east New Zealand (Fig. 2.5)
is dominated by the Southland Front, which is continuous with the Sub-
tropical Front (STF) and is characterised by large differences in both tem-
perature and salinity (Lu and Fulthorpe, 2004). The Southland Current
(~8.3 Sv; ~0.15-0.30 m/s) is located inboard of the Southland Front and
flows north up the east coast before following the southern edge of the
Chatham Rise eastwards (Carter et al., 2004c; Osterberg, 2006). Tidal ve-
locities over the Otago Shelf average 10 to 20 cm/s (Andrews, 1973), and
accentuation of the Southland Current during southerly gales has been
shown to be capable of mobilising sediment at >100 m depth (Andrews,
1973; Carter and Heath, 1975).
A further geological complication, critical to processes operating in this
region, is intra-plate volcanism during the late Miocene centred on Banks
Peninsula and Dunedin that formed coastal promontories of resistant ig-
neous rock that have affected coastal current flows and sediment distribu-
tion along the coast of the Canterbury Bight (Cox and Sutherland, 2007;
Gorman et al., 2013). A persistent eddy currently forms north of the Otago
Peninsula as a result of interaction between the Southland Current, low
salinity river plumes, tidal flows, and the coastline (Murdoch et al., 1990).
19
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Figure 2.5.: The evolution of New Zealand’s hydrographic setting since




This research uses data from several sources, namely industrial seismic
survey data that are now in the public domain, multichannel boomer seis-
mic data collected by the University of Otago’s RV Polaris II, andmultibeam
bathymetry data from both National Institute of Water and Atmospheric
Research (NIWA) and University of Otago surveys. The University of Otago
multichannel boomer seismic surveys were both conducted using nearly
identical equipment setups.
This chapter describes the equipment used during these surveys and the
manner of its deployment, along with the survey parameters used and
any difficulties encountered during acquisition that caused issues during
processing of the data. It also includes maps of the survey area showing
the ship’s track during the survey. Information on the acquisition of the
industrial surveys is limited by that included in the processing reports so
is only briefly covered.
21
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3.2. Industrial 2D Seismic Surveys
Data from two industrial 2D seismic surveys were incorporated into this
research; the CB84 survey conducted by BP Shell Todd (Canterbury) Ser-
vices Ltd in 1984 and the Barque survey conducted by AWE New Zealand
Pty Ltd in late 2008. Both surveys investigated the area as part of hydro-
carbon exploration efforts, and the acquisition parameters were focused
on identifying larger scale structures that could provide potential drilling
targets. This makes the data of limited use when investigating the smaller
scale details of near surface structures, such as those created by the pro-
cesses involved in canyon formation and evolution due to the lower fre-
quencies and larger intervals between CDPs. Despite this, the possibility
that underlying stratigraphic units could influence the structures in over-
lying ones means that this larger scale information is of interest to this
research.
Data from the Barque and CB84 surveys were sourced from the NZ Petroleum
and Minerals Data Pack (NZP&M, 2015) and key acquisition parameters
are presented in table 3.1.
3.2.1. CB84 survey
This survey was conducted by ECL Australia Pty Ltd on behalf of BP Shell
Todd (Canterbury) Services Ltd during 13 - 23 of March, 1984. Over this
time the M.V. Western Odyssey acquired a total of 575.7 km of seismic
data across 22 survey lines over the Waitaki Canyon and surrounding
shelf (Fig 3.1).
The energy source was a 1,230 cubic inch array of airguns operating at
22






















































































































































































































































































































































Chapter 3 Data Acquisition
a depth of 6 m, while the receiver array was a 3,200 m (active length)
streamer with 240 channels (merged to 120 channels) at a depth of 10±2m.
Shotpoint interval and group interval were both 26.67 m. Positioning in-
formation was provided by measuring the time interval between transmis-
sion of an interrogation signal and reception of a reply signal from land
based stations.
The survey encountered issues with airgun reliability, particularly tim-
ing and synchronisation, the cause of which was identified as inadequate
preparation being made for the comparatively cold temperatures encoun-
tered in the survey area. These issues resulted in the abortion of at least
one full line and prohibited the collection of an airgun signature test.
3.2.2. Barque survey
This survey was conducted by CGG Veritas on behalf of AWE New Zealand
Limited in late 2008. The M.V. Pacific Titan collected 533.62 km of seismic
data across 9 survey lines over the Waitaki Canyon and surrounding shelf
(Fig 3.2).
The energy source was a 4,140 cubic inch array of airguns operating at a
depth of 6 m ±1 m, while the receiver array was a 6,000 m (active length)
streamer with 480 channels at a depth of 7 ±1 m. The shotpoint interval
was 25 m and the group interval was 12.5 m.
The processing report suggests that no major issues were encountered
during acquisition.
24
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Figure 3.1.: Map showing those CB84 lines in the vicinity of the Waitaki
Canyon that were assessed as potentially imaging near-surface features
related to the Waitaki Canyon. The remaining ten survey lines were
located further south-west and were not used during this research.
3.3. Multichannel Boomer Surveys
The University of Otago holds the unique position among New Zealand
universities of having the resources required to conduct its own high-
resolution marine multichannel seismic surveys, albeit on a much smaller
scale than those conducted by government research institutes and indus-
trial organisations. This research incorporates data from two such sur-
veys, one (Cruise 15PL130) conducted in early 2015 specifically for the
purposes of this project and an earlier one (Cruise 13PL235) conducted
in the same area during 2013 as part of research into distinctive “pock
25
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Figure 3.2.: Map showing Barque lines situated above theWaitaki Canyon
and the surrounding shelf and slope.
mark” features in the surrounding seafloor.
3.3.1. RV Polaris II
The RV Polaris II is a 21 m former tuna fishing boat that was refitted by the
University of Otago for use as a marine research vessel (Fig. 3.3). Crew
for short surveys such as the two included here generally consists of two
full-time crew members responsible for the safe operation of the vessel
along with a science party of three to five people responsible for deploying
and operating the survey equipment.
26
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Figure 3.3.: The RV Polaris II, the University of Otago’s research vessel.
Photograph credit Dave Allen (2012).
3.3.2. Survey equipment
Both 15PL130 and 13PL235 used the University of Otago’s “boomer” seis-
mic system deployed from the RV Polaris II, comprising an acoustic source,
a hydrophone receiver array, and a recording unit. The acoustic source
was a Ferranti O.R.E. GeoPulse subbottom profiling system boomer (a
non-cavitating acoustic source mounted in a catamaran tow vehicle) with
a capacitive power supply. The hydrophone receiver array was a 24-channel
Geometrics MicroEel Solid Analog Streamer comprised of a streamer cable
and a battery pack. The recording setup consisted of a Geometrics Geode
seismograph controlled by a Panasonic Toughbook, and navigation data
were supplied by shipboard GNSS units (Fig. 3.4).
27
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Figure 3.4.: From L-R - Geometrics MicroEel battery pack, Geometrics
Geode seismograph, “Tam” control computer, shot control trigger (clear
box in front of Tam). The deep-cycle lead acid batteries providing a
clean power source for the Geode are below the bench, while the black
cable from the trigger box leads to the boomer power supply beneath
the opposite bench. Photograph taken by the author.
3.3.2.1. Acoustic source
The boomer acoustic source comprises three components: theModel 5813A
Acoustic Source, the Model 5812A Catamaran Tow Vehicle, and the Model
5420A Power Supply. The acoustic source is mounted on a catamaran
float (Fig. 3.5) and towed behind the ship, and the power cable is at-
tached to the tow line (Fig. 3.6) and runs to the power supply which is
kept in the cabin for protection from inclement weather.
The Model 5813A Acoustic Source may be thought of as an electrody-
namic transducer, using the rapid electrical discharge of the capacitors
in the power supply to induce rapid acceleration of the piston. This mo-
tion creates a non-cavitating pressure pulse in the water. The frequency
28
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band of the signal is inversely proportional to the energy supplied by the
power source, for example with a pulse energy of 350 J, the pulse has a
dominant frequency between 500 and 800 Hz.
Figure 3.5.: Model 5813A Acoustic Source mounted on the Model 5812A
Catamaran Tow Vehicle, ready for deployment at the stern of the RV
Polaris II. Photograph taken by the author.
The Model 5420A Power Supply is a single unit containing a bank of three
discharge capacitors and associated charging and trigger circuitry. It
draws energy directly from the ship’s 240 V electric power supply to charge
the capacitor bank; on the signal of an external timing trigger unit, this
energy is released as a high voltage electrical pulse. A high voltage power
cable links the power unit to the source.
The source is deployed behind the survey ship using the Model 5812A
Catamaran Tow Vehicle (Fig. 3.5, 3.6). The catamaran is made up of
two foam-filled PVC pontoons connected by supporting rods that contain
mounting points for the transducer assembly. Two tow lines double as
steering lines, and the power for the source is attached to one of the tow
lines in such a way that the power cable is not under tension.
29














































































































































3.3 Multichannel Boomer Surveys
3.3.2.2. GNSS unit
Positioning information was provided by shipboard GNSS (global navi-
gation satellite system, e.g. GPS) units. The 13PL235 survey used the
RV Polaris II ’s GNSS antennae linked directly to the acquisition control
computer which created a <line_name>.Nav.txt file which included the
GNSS locations of every shotpoint for that line. The 15PL130 survey used
GNSS antennae from the University of Otago School of Surveying that
were mounted above the wheelhouse of the ship; these were also linked
to the control computer and produced the same outputs.
3.3.2.3. Hydrophone array
The MicroEel Solid Analog Streamer is comprised of a 75 m long solid poly-
mer active section, a shorter tow cable section containing an integrated
data cable, and a short tail section with a tail drogue attached. The active
section contains 24 hydrophone groups, each made up of three polymer
hydrophones spaced 0.11 m apart. The signals from each hydrophone
in a group are summed electrically and connected to a preamplifier, this
summed signal providing one channel. The hydrophone group interval is
3.125 m, allowing for a CDP spacing of 1.5625 m. In practice, when con-
ducting surveys in deeper water depths (i.e. >100 m) it is more practical to
combine adjacent groups to effectively produce a 12-channel survey with
3.125 m CDP spacings. Power for the streamer is provided by a recharge-
able DC battery pack that is independent of external power sources; this
isolates the signal from electrical noise that could otherwise be introduced
(Geometrics 2012).
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The streamer is weighted with strips of lead sheet to cause it to float just
below the sea surface, nominally defined as 0.5 m. With real time depth
control being impossible, the actual tow depth is often uncertain; how-
ever the streamer can be observed just beneath the water surface during
surveys in calm conditions which supports the assumption that it is typ-
ically within the upper tens of centimetres of the water column. During
periods of heavier swell, the motion of the ship can result in the nearest
offset hydrophone group being pulled clear of the water, a consequence of
the relatively short length of the tow section and the anchor point of the
streamer being above the water line. This is only observed during swell
approaching levels where continuing with the survey is not practical due
to wave noise affecting data quality; therefore data collection is usually
abandoned before it becomes an issue.
3.3.2.4. Recording equipment
Analogue data from the streamer are transmitted to the Geometrics Geode
seismograph. The Geode is controlled by a Panasonic Toughbook that
runs the Geometrics software. The Geode is a self-contained seismo-
graph that receives analogue data from the hydrophone groups, applies
acquisition filters and then produces it to SEG-D formatted data, finally
transmitting it to the control computer for storage or further processing.
3.3.3. 13PL235 survey details
This survey was conducted in November 2013 to investigate possible causes
of seafloor depressions along the continental slope south-east of the Wait-
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aki valley. A total of 46 survey lines were collected, covering the continen-
tal shelf between the shore and the head of the Waitaki submarine canyon
(referred to here as theWaitaki Canyon) and the upper andmiddle sections
of the canyon. Of these, 19 are cross-canyon lines roughly perpendicular
to the thalweg, 12 are short lines that run roughly parallel to the canyon
and link the cross-canyon lines, 8 lines follow the approximate path of
the thalweg to form a continuous survey line running the length of the
canyon (within the survey area), and 7 lines are on the continental shelf
between the canyon head and the shore (figure 3.7a).
The formation of large depressions on the ChathamRise has been linked to
gas hydrate dissociation, and this has led to the hypothesis that a similar
mechanism was at play in the formation of the smaller depressions in the
vicinity of the Waitaki Canyon. Because these depressions appear to be
bathymetrically constrained between the depths of 500 and 1100 m, the
upper section of the Waitaki Canyon, which is the focus of this research,
was not a primary target. As such, only 10 survey lines out of the 46
collected were processed and interpreted for inclusion in this thesis (Fig.
3.7b).
Weather conditions for this survey were ideal, resulting in a very high
quality data set with a high signal-to-noise ratio.
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(a) Ship track for the entire 13PL235 survey. Survey lines that
have been included in this thesis are coloured red.
(b) Detail of Waitaki Canyon head showing the locations of
13PL235 survey lines used in this research.
Figure 3.7.: Locations of 13PL235 survey lines over the Waitaki Canyon.
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3.3.4. 15PL130 survey details
This survey was conducted in March 2015 to investigate the near-surface
structures in the immediate vicinity of the upper Waitaki Canyon. The
primary goal of the survey was to collect seismic data from the upper
reaches of the canyon in order to investigate possible subsurface features
that might provide insights into the processes involved in initiation and
development of the canyon. Twenty-nine survey lines were collected, of
which; twenty-three are approximately perpendicular to the thalweg, five
are perpendicular to the shelf break, and the remaining line connects
the two cross-shelf lines near the mouth of the Waitaki River (figure 3.8a).
The secondary goal of the survey was to collect high-resolution multibeam
echosounder (MBES) bathymetric data from the canyon head to improve
interpretations of modern-day seafloor features and processes. This re-
quired closely spaced survey lines which has resulted in a high density
seismic dataset in the survey area (Fig. 3.8b), enabling moderately confi-
dent correlations of seismic units between adjacent lines even where there
is no tieline.
The survey was conducted at a speed of about 7.5 km/h (4 knots) with a
3.6 s shot interval, giving a shot spacing of approximately 7.5 m. The trace
length was set to 1.20 s at a sample interval of 250 microseconds for the
entirety of the survey. This trace length was longer than required when
above the shelf, as the return signal from the seafloor was recorded at
120 ms to 20 ms depending on proximity to the shore, but was necessary
to record subsurface returns at greater water depths such as those found
beyond the shelf break or in deeper areas of the canyon.
Weather conditions during the survey were not ideal, with a moderate
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swell present throughout, increasing in height during the later, farther off-
shore lines. There were also occasions where kelp snagged on the boomer
catamaran, necessitating retrieval of the catamaran and clearing of weed
before circling back to continue the line.
Overall the survey was successful, with approximately 270 km of boomer
survey lines being collected and approximately 40 km2 of seafloor sur-
veyed with the MBES.
3.4. Multibeam Echosounder Bathymetry
Multibeam bathymetric data were collected over the duration of the 15PL130
survey using an R2Sonic 2024multibeam echosounder (MBES) (Fig. 3.9a),
provided by Fugro Survey Pty Ltd (Perth), deployed on a boom alongside
the RV Polaris II (Fig. 3.9b). The survey path was planned in such a way
that adjacent survey lines produced an overlapping survey swath, result-
ing in full coverage of the seafloor on the shelf around the canyon and on
the upper slopes of the canyon.
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(a) Ship track for 15PL130 survey. Survey lines that have been
included in this thesis are coloured red.
(b) Detail of 15PL130 survey lines used in this research.
Figure 3.8.: 15PL130 survey path.
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(a) R2Sonic 2024 MBES unit on the stern deck of the RV Polaris II prior to
mounting on the boom for deployment.
(b) R2Sonic MBES unit deployed off the starboard side of the RV Polaris II.
The boom suspends the transducer-receiver unit unit alongside the hull of
the vessel.
Figure 3.9.: R2Sonic MBES unit. Both photographs taken by the author.
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Acquisition parameters such as beam angle and acquisition filtering were
managed using Caris HIPS/SIPS on aMicrosoft Windows workstation (Fig.
3.10), also provided by Fugro Survey Pty Ltd (Perth). Constant monitor-
ing of incoming data was required, particularly while in the vicinity of
the canyon, to ensure optimal coverage of the seafloor while minimising
returns from within the watercolumn.





This research uses a combination of multichannel seismic and multibeam
bathymetric data. Because a lot of these data were collected specifically
for this project rather than sourced from external parties, it began as
raw data and required processing. Seismic processing was conducted
using the GLOBE Claritas seismic processing software developed by GNS
Science (Ravens, 2009). Multibeam bathymetric data was processed by
Emily Tidey, hydrographic surveying lecturer at the University of Otago
School of Surveying, using CARIS HIPS and SIPS software.
This chapter is organised into sections that explain the processing of each
data type used in this research. This section (section 4.1) provides an
overview of the material covered in the chapter. Section 4.2 describes the
processing applied to the multichannel boomer seismic data used in this
research to produce sections fit for interpretation. Section 4.3 describes
the processing applied to the mulbeam bathymetric data in order to pro-
duce a bathymetric surface.
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4.2. Multichannel Boomer Surveys
4.2.1. GLOBE Claritas overview
Taking seismic data from raw SEG-D files produced during acquisition to
fully processed SEG-Y files that can be interpreted involves several steps.
These steps can be divided into three stages: pre-processing, processing,
and exporting. GLOBE Claritas was primarily used for all three stages
for boomer data from both the 13PL235 and 15PL130 surveys, with some
external python scripts used to perform some pre-processing steps. The
basic processing flow used for both surveys was identical; however data
from the 15P130 survey required some additional steps to produce final
stacked sections that were of sufficient quality for interpretation, and the
13PL235 data had already been through the pre-processing and initial
processing steps.
The pre-processing stage involves conversion of raw SEG-D files to the
SEG-Y (or Claritas-extended SEG-Y, *.csgy, more fully explained in section
4.2.1.3) format and creation of geometry database files for each survey
line. The processing stage involves taking the raw SEG-Y files and ap-
plying survey geometry to them, sorting to common depth point1 (CDP),
applying a static shift to correct for swell errors, noise filtering, creation
of a velocity model, stacking, and migration. Finally, the processed data
must be exported in a format that is suitable for interpretation.
1Common depth point (CDP) and common mid point (CMP) are equivalent terms and
are often used interchangeably. Both terms refer to the midpoint between a source
and receiver and are used for binning data together prior to stacking.
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4.2.1.1. Claritas seismic job editor
Each processing step is performed by a seismic processing job, created
and run in Claritas by the seismic job editor (xsje) (Fig. 4.1). This is a
windowed editor that provides a GUI (graphical user interface) for users to
build and apply processing flows. When the user has built a processing
flow and runs it, a programme called the seismic taskbuilder produces
a compilable Fortran programme from the flow and checks the input pa-
rameters to minimise the risk of running a job with errors, enabling the
user of the editor to make corrections before running the job. Compilation
and linking with the seismic libraries then produces an executable binary
file which is run from within xsje.
Figure 4.1.: Example of an xsje window showing a processing flow that
sorts traces according to their CDP. Note that modules of the dlow that
are commented out are indicated by a lighter font and an exclamation
point at the start of the module name.
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4.2.1.2. Claritas Job Control System
The Claritas Job Control System (JCS) is used to simplify the task of pro-
cessing multiple survey lines within a single project. The user creates a
*.jcs file which contains a spreadsheet including variables and their val-
ues for individual survey lines. Once this has been set up it is possible
to use a JCS variable (e.g. <Name> refers to the line name, or <FirstSP>
refers to the first shot point in a given survey; JCS variable are always
enclosed in < > symbols) in place of a specific value when adding parame-
ters to processing modules. This allows a single processing job to process
multiple lines without the user manually changing each variable to be cor-
rect for each line. xsje automatically produces and runs a separate .job
file for each line, along with unique log files, and appends a user defined
identifier to the end of each file name.
The 15PL130 and 13PL235 JCS files are presented as tables in Appendix
A.
4.2.1.3. SEG-Y and Claritas-extended SEG-Y
SEG-Y is the industry standard format for seismic data (Barry et al.,
1975), where the leading 240 bytes (the header) are used to store informa-
tion on the trace. The SEG-Y standard only defines shot information in
bytes 1-180 of the header, leaving 181-240 unassigned. Claritas-extended
SEG-Y (*.csgy) maintains the same format of using the leading 240 bytes
as the header, and bytes 1-180 hold the same variables as true SEG-Y.
However in *.csgy files bytes 181-240 are used to store additional variables
which can then be referred to during processing.
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Fully processed survey lines were exported in true SEG-Y format to min-
imise potential complications when opening the processed files in exter-
nal software, but processing of both the 13PL235 and 15PL130 survey
datasets was performed using *.csgy formatted files to take advantage of
the additional information that could be retained within.
4.2.2. Pre-processing steps
4.2.2.1. Re-formatting of raw SEG-D data
During a survey, seismic data were collected and the data from each shot
were stored in the SEG-D format (<ShotID>.sgd), along with navigation
data (<line_name>.Nav.txt) and a log file for each survey line (line_name.log).2
This must be converted into SEG-Y/.csgy formatted data for processing,
which requires compiling the individual SEG-D field data from each survey
line into a single SEG-Y formatted file along with survey geometry infor-
mation. First, a *.sfl file is created which contains a list of the *.sgd files
recorded during each survey line. Next the segdstdout program in Claritas
is used, which reads the desired *.sgd files from the *.sfl file and creates
a merged *.csgy file containing all the raw shot data from that line. The
segdstdout program is also able to extract GPS navigation data directly
from the *.sgd extended headers; this was redundant for the 15PL130
survey as each survey line already had a navigation file constructed from
the shipboard GNSS unit.
2Some survey lines may have multiple log files if there was an interruption during
recording. For this project, where recording was interrupted for any reason a new
survey line was defined for simplicity, rather than merging survey lines during pro-
cessing.
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4.2.2.2. Creation of geometry files
The Claritas geometry application is used to create a geometry database
(*.geom) which is used by the ADDGEOM processor to include geometry
information in individual trace headers. Each survey line collected has
a corresponding <line_name>.Nav.txt file which contains the GNSS loca-
tions of each shot from that line. These files must be converted by the
Claritas ASCII -> *.lld tool, which produces a *.sht file containing latitude
and longitude information for each shot in a format that can then be read
by the geometry set-up utility.
The second component required for creation of a *.geom file for a marine
survey is a streamer file (*.str). This file defines the location of each hy-
drophone in the array with reference to the navigation point.
When making the *.geom file, parameters defining the location of the
source and receivers relative to the recorded survey locations (e.g. the
GNSS antenna on the vessel) must be provided, along with the location of
the *.str file and the coordinate system to be used (Fig. 4.2).
Once the *.geom file has been made, a number of hitpoints are picked
either by hand or automatically if the line is sufficiently straight; these
define a curve along which CDP bins are placed. Finally, a wiggly-line
CDP gather is made (Fig. 4.3a), which defines areas (bins) within which
CDPs are located. CDP traces that populate the same bin belong to the
same CDP, and will be stacked together to form a stacked trace (Fig. 4.3b).
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Figure 4.2.: Parameters for defining a marine *.geom file. Specified offsets
and distances are in metres)
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(a) Parameters for creating a wiggly-line CDP gather.
(b) CDP bins from a survey line. Bins are colour coded according to
the fold value of the data included in them. The fold value refers
to the number of CDP traces that fall within that bin.
Figure 4.3.: Wiggly-line CDP gather creation.
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Because some downstream processing stages (stacking and migration in
particular) rely on the positions of each trace, it is important that the cre-
ation of *.geom files is as accurate as possible. Due to the way in which
the equipment was deployed during the 13PL235 and 15PL130 surveys,
the precise locations of the source and receivers had to be defined us-
ing measured or calculated offsets from the known position of the GNSS
unit on the vessel. The nature of towing equipment behind a ship in any-
thing less than perfectly calm conditions means that there is variation
from the theoretical ideal positions of both the source and the streamer
cable, introducing errors in the locations of source and receivers. While
the instantaneous offsets of unique source:receiver pairs can be calcu-
lated from the direct arrival time of the source signal, this is an extremely
time consuming process and was not performed for either set of survey
data as the water depth during the surveys was great enough that the
small variation observed in horizontal separation at the sea surface has
a negligible effect on the overall geometry.
4.2.3. GLOBE Claritas processing flow
The processing flow (Fig. 4.4) refers to the order in which processes are
applied to the data. The separation of processing steps into individual
jobs allows for a simplified troubleshooting process when problems are
encountered, and also enables multiple iterations of individual jobs to be
tested without necessitating a great expenditure of time running those
steps which are unaffected by the changes. Simplified descriptions of the
processes applied to the boomer seismic data are shown in table 4.1.
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4.2.3.1. Common processor modules
SEISJOB The SEISJOB dummy process is always the first module in a job
flow. This process includes parameters which store information about the
following job and how it is to be run, and includes fields that can be used
for notes. These parameters identify the project the job belongs to, the
processor, the JCS file to be used and any variables used by modules in
the job (if applicable).
DISCREAD/DISCWRITE The DISCREAD (or READSEGY) and DISCWRITE
(or WRITESEGY) processors are present in almost every job flow, with very
few exceptions. DISCREAD reads trace and header data from a *.csgy file
and passes this data to downstream process modules. DISCWRITE is
typically the final module in a processing flow, and writes the processed
trace and header data to a *.csgy file. READSEGY and WRITESEGY are
similar to DISCREAD and DISCWRITE. They read and write true SEG-Y
formatted data rather than *.csgy files. While Claritas is able to read data
in using DISCREAD and write it out using WRITESEGY (and vice-versa),
all processing for this project was conducted using the *.csgy format until
production of the final section. Final *.sgy files were produced for input
to the IHS Kingdom interpretation software and Seismigraphix display
software (described later).
SNOOP The SNOOP processor is a simple tool that prints a message in-
dicating progression through the job. It is particularly useful during com-
plex jobs or while processing particularly large files as it provides a means
of monitoring the progress of a job.
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XVIEW XVIEW is an interactive seismic data viewer that can be used to
display data at some point during a job flow. It is capable of various display
methods and colour schemes, and can be used to set up test panels to
compare differences between different processing parameters. This, along
with the large selection of analysis windows, makes XVIEW an essential
part of quality control during processing.
4.2.3.2. Add geometry
Figure 4.5.: The 01_addgeom.job xsje window, showing the processor
modules used.
This job flow (Fig 4.5) modifies the trace headers of input *.csgy shot data
to include x and y coordinates for the shots and receivers, allowing traces
to be sorted according to receiver offset, rather than simply sorting traces
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according to channel number (as in Fig. 4.6). This allows the sorting of
traces into CDPs, an step that is required when producing stacked traces,
an essential aspect of multichannel seismic processing.
The TREMOVE processor is a simple tool which deletes any non-live traces
from the file. Any traces which were written to the raw data file with no
seismic data in (just a header) are removed.
The ADDGEOM module inserts the geometry from the *.geom file into the
trace headers. It sets the CDP, CDPTRACE, CDP_X, CDP_Y, INLINE, and
CROSSLINE variables.
Figure 4.6.: xview window displaying the first ~210 ms of an unfiltered
shot record. Traces are sorted according to channel number. A 50 ms
AGC window has been used to regularise amplitudes. The seafloor re-
flection is located at about 145 ms on channel 1.
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4.2.3.3. Noise filtering
A number of filter processors were used at various stages in the process-
ing. The DUSWELL processor is intended for removal of swell noise, which
typically appears as low frequency noise affecting a few traces per shot for
their entire length. The FK_FILT processor effects a 2D Fourier-transform
based frequency-wavenumber filter on the dataset that mutes apart of the
transformed data, then inverse transforms the remaining data. The FD-
FILT processor is a simple frequency bandpass filter used to remove data
above and/or below given frequencies.
While stereotypical swell noise was not observed in any of the 15PL130
shot gathers, the DUSWELL module was used to investigate whether it
would be able to remove some of the other noise that was present. Ini-
tial tests were promising, and with some adjustment of parameters the
DUSWELL processor was used to remove a large portion of noise from shot
gathers prior to seafloor picking. The FK_FILT processor was also used at
this stage to remove dipping noise present in many of the shot gathers.
Because the noise was present across the entire survey, it is thought to
be engine noise from the vessel, regular jerking of the tail drogue caused
by variations in boat speed due to swell, or a combination of these factors.
The FDFILT processor was applied at almost every stage when using XVIEW,
although it was not applied to the data directly until the final job flow when
producing TIFF plots and the *.sgy files of the final stack.
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4.2.3.4. Seafloor picking
Due to the weather conditions during the 15PL130 survey, there was suf-
ficient vertical displacement of the boomer catamaran to produce a notice-
able swell signal that was visible as fluctuation in the time of the seafloor
return. This caused problems when trying to stack traces because even
after applying a normal move out (NMO) correction, reflected arrivals from
the same horizon were recorded at different times.
This variation in water column two-way-time (TWT) was corrected for by
picking the seafloor return in the five nearest-offset traces of each shot
record using the Claritas Seismic Viewer. Picked times from each survey
line were saved to a *.pic file which was then run through a bash script
(first5deswell_scan.sh, written by Hamish Bowman, computing technician
in the Geology Department, University of Otago) that identified any miss-
ing picks or mistimings in the file, allowing these to be corrected. The
output from this first script was then run through a second Python script
(first5deswell.py, also written by Hamish Bowman) which averaged the
pick times of each shot to give an approximation of the seafloor return
for that shot, and a spline curve was fitted to the return times for each
survey line, giving an approximation of the water column TWT over the
whole line. The first5deswell.py script then calculated the difference be-
tween the spline curve seafloor return (representative of what the seafloor
may look like) and the average return time of each shot (Fig. 4.7), writing
this time difference out as a *.shf file, which could later be used to apply
a static shift to traces to move the seafloor returns of different shots to
the same time. This method works well for smooth seafloor situations,
but tends to blur signal in regions where the seafloor is very rugged or
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contains abrupt changes in depth.
Figure 4.7.: Plot of the spline curve (red line) fitted to the average time
to the seafloor reflection (blue line) as produced by the first5deswell.py
script. The *.shf file contains the correction that must be applied to
each shot to make the blue line fit the red line.
4.2.3.5. Sort to common depth point
Seismic data from the survey were initially sorted according to shot num-
ber. Sorting to common depth point (CDP) organises traces according to
their CDP (Fig. 4.8). This produces a CDP gather (Fig. 4.9) that contains
the traces that correspond to reflections that fall into a single CDP bin as
defined during the creation of the *.geom file. This is one of the few jobs
that does not include either of the DISCREAD or READSEGYmodules. In-
57
Chapter 4 Data Processing
stead, traces are read by the DISCSORT processing module, which reads
data into the job flow according to user-defined primary and secondary
header keys. By setting CDP as the primary key and CDPTRACE as the
secondary key, DISCSORT reads an arbitrarily ordered file (in this case
ordered by SHOTID) and provides CDP sorted traces to downstream mod-
ules in the job flow. These modules are TREMOVE again and MISSING.
MISSING is a module which produces dummy (blank) traces in place of
any CDPs which are not populated by any traces. This is necessary be-
cause empty CDPs otherwise appear to be missing from the file, resulting
in gaps in numbering which can cause issues when trying to display data
in a regular fashion.
Figure 4.8.: Schematic of raypaths showing how traces from multiple
shots and source:receiver pairs form a single CDP. Note the usage of
CMP (common mid point) as opposed to CDP, and that the two terms
are equivalent. Figure from USGS (2001).
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Figure 4.9.: A filtered section of a CDP gather displayed in xview. CDP
offset increases from L-R, time increments labelled every 50 ms.
The spacing of hydrophone groups in the streamer produces a nominal
CDP spacing of 1.5625 m. The decision was made to combine adjacent
hydrophone groups to increase the CDP spacing to 3.125 m and doubling
the number of traces in each CDP at the expense of halving the number
of traces in the stacked sections. This decreases the amount of noise in
stacked CDP traces and makes creation of velocity models easier, but also
decreases horizontal resolution.
4.2.3.6. Apply static shifts
This job flow takes the *.shf file that was created during seafloor picking
(see section 4.2.3.4 above) and uses the STATIC processor module to apply
the time shifts from that file to the traces from each shot. This regularises
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the seafloor return, allowing the seafloor signal to stack correctly when
traces are merged together.
4.2.3.7. Rawstack
The rawstack job uses the STACK processing module to stack filtered,
sorted, and static-corrected traces from each CDP into a single trace for
that CDP. Also applied in this flow are the DEBIAS, SPHDIV (initially AGC),
NMO, and FDFILT processors.
The DEBIAS processor is used to remove the DC bias from each trace.
AGC is an automatic gain control module which multiplies each sample in
a trace by a scaling factor that is calculated to produce a trace where the
average amplitude of the samples in any given time window is the same
over the entire length of the trace. It is used only when producing the
initial raw stack file, the SPHDIV processor is used once a velocity model
(stored in a *.nmo file) has been produced for that line. AGC is also used
at most other quality controlling stages during processing when looking
at data using XVIEW.
SPHDIV uses the velocity model to provide amore accurate (and reversible)
method of accounting for seismic wave attenuation (from geometrical spread-
ing and energy dissipation). It multiplies the sample amplitude by a func-
tion that takes into account the power of the two-way time, a power of the
velocity, and an empirically derived exponential term.
The NMO processor applies a normal move-out correction to the traces,
relying on the OFFSET variable in the trace headers. This accounts for
the variation between the actual reflection time and the reflection time of
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an ideal zero offset source-receiver combination at the CDP. Initially this
module uses a generic *.nmo file; however as more accurate versions are
produced (see section 4.2.3.8 on velocity analysis below) these are used
instead.
The STACK module sums the traces in each CDP and outputs a single
trace. This has the effect of increasing the signal:noise ratio, as random
noise from different traces sums towards zero while reflection events will
be amplified.
The FDFILT module is generally applied last prior to writing out or plotting
the stacked file.
4.2.3.8. Velocity models
The seismic velocity model is an essential aspect of multichannel seismic
processing. The velocity model is used during stacking, gain, and migra-
tion. The more accurate the velocity model is, the closer the final stacked
section will be to a true representation of the subsurface geological units.
The first step is producing an initial velocity model using the Initialise
.nmo application in Claritas. This creates a horizontally constant model
which defines the velocity at three times: at t = 0 velocity is defined as
close to the lower bounds of the velocity of sound in sea water (approxi-
mately 1490 m/s); at a time coinciding approximately with the seafloor, a
velocity closer to the expected speed of sound in cold sea water (approx-
imately 1500 m/s) is defined; at some point beneath the seafloor, such
as the end of the trace recording time, a velocity closer to that expected
of the subsurface (e.g. 2200 m/s) is defined. This model provides a very
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approximate model of a water column above the seafloor and rock beneath
it. This initial *.nmo file is only used to produce a raw stack, and contains
enough CDPs that it can be used for stacking the longest line present in
the survey.
After a raw stack has been produced, the seafloor can be picked using
the Claritas Velocity Analysis Application (CVA). This stage enables the
replacement of the approximate time of the seafloor provided by the initial
*.nmo file with the actual time of the seafloor reflection, which causes
more accurate stacking of the seafloor reflection.
The final velocity model contains velocity/time picks for subsurface units
as well as the seafloor. These are picked with the CVA tool using one of a
number of analysis windows. These windows provide an interactive visual
display of the traces within a given CDP (or range of CDPs) and allow the
user to pick velocities based on how well reflections stack in.
The final velocity model is then smoothed and repicked at a shorter in-
terval appropriate for migration using the isovels application and interval
velocities are calculated for each interval. This smoothed and repicked
interval velocity model is saved as a *_int.nmo file, and provides velocities
for use in migration of the stacked section.
4.2.3.9. Finite difference migration
This job flow uses the FDMIG processor to perform downward-continued
finite difference time migration on the final raw stack and the FXDECON
processor for noise filtering.
The FDMIG processor works by taking the interval velocities saved in the
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*_int.nmo file and using them to migrate time slices of the stacked section.
The topmost time slice in a section is migrated, then stripped from the
top of the section and a finite difference modelling routine is performed
to construct a new section. The new section then has its topmost time
slice migrated and stripped, and the process of migration, stripping, and
remodeling continues down throughout the section to the bottom.
4.2.3.10. Exporting from Claritas
Because IHS Kingdom cannot read *.csgy files, it was necessary to write
the final migrated stack out using the WRITESEGY module (see section
4.2.3.1) to produce a standard *.sgy file with no extra headers. This final
job also contains the RASTER and PLOTLABEL modules for producing
TIFF images of the final stack. Although not included in the same job
flow, the TRPRINT module must also be used to extract XY coordinates
from trace headers for inputting to Kingdom. A python script written by
Hamish Bowman is used to extract these XY coordinates from the log file of
the TRPRINT job and converts them to New Zealand Transverse Mercator




Producing an accurate geometry database for the 15PL130 survey proved
to be exceedingly difficult for a number of reasons. The Claritas geome-
try application is occasionally obscure in its workings and mistakes were
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sometimes not identified until later stages of processing, making all pro-
cessing to that point suspect and requiring the geometry database to be
rebuilt.
The single largest factor in causing geometry errors is the simple fact that
the exact locations of the source and receivers are impossible to define
due to the equipment setup. These locations are defined in the geometry
application using offsets calculated from a known point (a GNSS receiver
on the vessel). These offsets, while measured accurately, are constantly
changing during a survey due to factors such as: motion of the ship, swell
motion, slight variations in the course of the ship, and seaweed getting
caught on the source catamaran. The geometry application however as-
sumes that these offsets remain constant always, resulting in the defined
locations and actual locations frequently being different.
The nature of these errors meant that offsets calculated by measuring
direct-arrival travel times from the source to the receivers was a suitable
method to refine the geometry. Fortunately due to the relatively deep (>100
m) water that the majority of the survey was conducted in, the overall
effect of the varying geometries was minimised. However, it did result
in the shoreward ends of the longest cross-shelf lines being discarded as
the shallower water amplified the effects of the varying offsets resulting
in data that could not be interpreted, with even the seafloor return being
difficult to identify.
4.2.4.2. Swell motion
Somewhat related to the limitations imposed by variation in offset is the
effect that swell motion had on the locations of the source and receivers.
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Because the source catamaran and the streamer both float at or near the
sea surface, this causes them to move vertically as well as horizontally.
This motion, although generally only around a metre or two during the
15PL130 survey, was enough to cause variation in the two-way time of
the seafloor reflection. The method used to correct for this variation (de-
scribed in section 4.2.3.4) was quite successful and greatly improved the
quality of stacked data, but it was not perfect. The autopicking methods
in Claritas struggled at times to correctly pick the seafloor return, and
autopick parameters that picked a shot from early in the line could be
wildly inaccurate when applied to a shot from further along. While man-
ually picking the seafloor return in the first five channels of every shot
would have produced ideal results, the large number of shots (>27000) in
the survey made this an impractical option.
As with the geometry, the depth of the water column meant that the vari-
ation was small compared to the overall time, and the automatic picks
proved to be sufficiently accurate as to provide a useful, albeit imperfect,
solution to the problem.
4.2.4.3. Velocity analysis
Velocity analysis is an essential component of multichannel seismic pro-
cessing, and the difficulty in producing an accurate velocity model for
subsurface units led to sub-optimal outputs from the stacking and mi-
gration job flows. When picking first-pass velocities (i.e. the seafloor) the
apparent stacking velocity was consistently closer to 1450 m/s, signifi-
cantly lower than the actual velocity of sound in seawater. This could
be caused by an error in the geometry database leading the calculated
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receiver offsets being less than the actual offsets; however after checking
the geometry multiple times no error could be found. In the end the stack-
ing velocity for the seafloor was set at 1509 m/s for all seafloor picks, and
this produced satisfactory results.
Further problems were caused by the noise in the datasets, which made
identifying reflections that were present in all traces of a CDP difficult
and also made it difficult to establish whether the signal that was being
used to provide the stacking velocity was a real reflection, an unusually
coherent noise signal, or a combination of the two.
In the end, the decision was made to pick a subsurface velocity on only
one reflection which was present in almost all of the survey lines. This
streamlined the picking process as this reflection could be picked at a
similar time beneath the seafloor and a similar velocity on each survey
line. Due to the relatively shallow penetration of the boomer source the
subsurface velocities probably fall within a comparatively narrow range
of values, therefore if the velocity picked for that surface is accurate the
velocities of units above and below the picked reflector will be similar.
4.2.4.4. Noise filtering
Noise was a substantial issue in the 15PL130 dataset. It has been hy-
pothesised that a combination of engine noise, swell/wave noise, and sub-
optimal source energy all contributed in part to the poor signal:noise ratio
when compared to the much cleaner 13PL235 dataset. A number of meth-
ods were trialed to find a filtering method that removed as much noise as
possible while retaining the signal - unfortunately any technique which
made a large difference to the noise levels (a harsh frequency-domain fil-
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ter was particularly effective), while retaining a certain amount of signal,
removed substantial amounts of energy from the return signal.
A issue with using the FK_FILT processor was encountered as the angle
of the dipping noise was close to the dip angle of some real reflections.
To avoid removing signal from shot records, the dip used for the FK_FILT
module was slightly greater than the most effective value, which resulted
in imperfect noise removal but avoided removing reflected signal from the
dataset.
4.3. Multibeam Bathymetric Echosounder
MBES data were processed by Emily Tidey of the University of Otago Sur-
veying School using CARIS HIPS/SIPS software. Processing involved com-
bining measurements from the shipboard GNSS antennae, roll/yaw/pitch
measurements from the motion sensor, removal of noise and artefacts
from within the watercolumn, and sound velocity corrections. The end
result is a point cloud representing sounding returns from the seafloor
which have not been refracted and have been corrected for all planes of
motion. The uncertainty of each measurement type was also incorpo-
rated. The data did not have a tidal correction applied as the data are
not currently related to a vertical datum. The final surface was created by
running a CUBE (Combined Uncertainty Bathymetric Estimator) surface
generator which takes the uncertainty of each measurement into account,
giving greater weight to those data points which are located with greatest
confidence. The final CUBE surface has a resolution of 4 x 4 m per pixel.
(Tidey, 2016)
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Unfortunately the depth in parts of the canyon was greater than the range
of the MBES unit used, meaning that beyond a water depth of approxi-
mately 320 m, there were insufficient returns to generate a model. Above
this depth, however, a very high resolution model of the seafloor has been
produced, enabling features on the upper canyon slopes and surrounding
continental shelf to be analysed in greater detail than any prior bathymet-
ric survey of the area.
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5.1. Overview
This chapter is divided into four sections, an initial chapter overview fol-
lowed by three sections each containing firstly a detailed description of
the observations relating to that section, then a discussion of the signifi-
cance of those observations. Section 5.1 is an overview of the chapter, and
includes a brief discussion of the methods used for interpretation. Sec-
tion 5.2 presents and discusses the observations related to the present
morphology of the Waitaki Canyon. Section 5.3 covers the observations
related to infilled paleochannels and discusses their implications. Section
5.4 focuses on the sequence stratigraphic features observed in the vicinity
of the Waitaki Canyon.
Interpretations were undertaken using a combination of pen-and-paper
and computer based methods. The IHS Kingdom software suite was used
to produce locality maps and locate seismic sections displaying spatial re-
lationships between seismic sections. In particular, Kingdom was useful
for linking horizons across intersecting sections. When examining individ-
ual sections or small scale features, it was easier to use more traditional
paper-based methods due to the greater freedom this allowed, particularly
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in areas where the return signal was weaker and thus a certain amount of
extrapolation was required to interpret horizons across regions of uncer-
tain seismic reflectivity. In most cases, the free Seismigraphix geophys-
ical data viewing software (Surace, 2016) was used to produce plots of
the desired section, upon which interpretations were overlaid using the
open-source Inkscape vector graphics software.
The locations of the seismic sections mentioned in this chapter are shown
in Fig. 5.1.
Figure 5.1.: Locations of seismic survey lines mentioned in this section.
The presence of a high-amplitude seafloor multiple in the boomer sections
has masked almost all of the primary signal below it; this is exacerbated
by the limited penetration of the high-frequency boomer signal. Despite
these issues, in shallower sections it is sometimes possible to distinguish
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between the multiple and primary signal. Interpretation of structures
immediately beneath the canyon is exceeding difficult, primarily due to
steeply sloping canyon wall.
5.2. Present day canyon morphology
5.2.1. Observations
The Waitaki Canyon as it exists in the present day (Fig. 5.2) was classified
by Hillman (2014) as a type I canyon using the classification scheme pro-
posed by Jobe et al. (2011). It has a V-shaped upper section which transi-
tions into a U-shaped profile in more distal sections. The V-profile upper
(shelf-incised) section exhibits much lower sinuosity1 (approximately 1.1)
than the lower reaches beyond the shelf break, and also has a higher
thalweg gradient.
The head of the canyon is basin-like, with concave walls. As the canyon
becomes more deeply incised into the shelf, the canyon walls transition
from concave slopes to straight or convex slopes. Beyond the edge of the
shelf, where the canyon transitions from the upper V-shaped, low sinu-
osity, high gradient section to the U-shaped, high sinuosity, low gradient
section, the floor of the canyon becomes flatter and wider (Fig. 5.3).
1Sinuosity is a measure of how “twisty” a canyon (or other curved linear feature) is. It
is calculated by dividing the length of the channel between A and B by the shortest
distance between A and B (Schumm and Khan, 1972).
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5.2 Present day canyon morphology
(a) Seafloor profiles from seismic sections showing the changes in slope mor-
phology from the head of the canyon to the shelf edge.
(b) Locations of cross sections in Fig. 5.2a.
Figure 5.3.: Sections showing the seafloor profile through four parts of
the upper Waitaki Canyon.
The shelf-incised upper canyon contains multiple axial gullies. The gul-
lies of the north wall are smaller than their southern counterparts, with
smaller catchments and lower relief between gully thalwegs and the inter-
gully ridges. The break in slope between the canyon wall and the sur-
rounding seafloor is clearly defined at the top of the north wall, with the
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southern wall exhibiting a more gradual change in slope. The highest gra-
dient of the canyon wall is found near the base of the southern wall near
the edge of the shelf.
There are several depressions on a spur of the south wall near the tip of the
incised section (Fig. 5.4). These depressions have diameters of 50-200 m
and their bases are between 10 and 20 m lower than the surrounding
seafloor. The south-east lips have clearly defined breaks between the slope
and the seafloor, while the north-west sides are more rounded. They do
not occur in a cluster, but rather along a line running approximately east-
west, with the larger depressions occurring in deeper water at the eastern
end of the line.
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(a) Seafloor depressions imaged by MBES during the 15PL130 cruise.
(b) Location of depressions in Fig. 5.4a and Fig. 5.6, including the path of survey line
15PL130_26
Figure 5.4.: Seafloor depressions on a spur near the head of the canyon.
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5.2.2. Discussion
Obelcz et al. (2014) found that canyon sinuosity and thalweg gradient may
be a proxy for the frequency and/or the grain size of fluvially sourced sed-
iment flows through submarine canyons. They also suggested that an
increased density of sidewall gullies, scarps, scalloping and morphologi-
cal features indicative of mass wasting events may be linked to increased
sediment mobility orthogonal to the canyon axis.
The seafloor depressions near the head of theWaitaki Canyon are morpho-
logically similar to depressions described by Hillman in her PhD thesis;
however, unlike the depressions discussed in her thesis, these are found
on the southern side of the canyon rather than the north and are also
in shallower water. Hillman (2014) and Hillman et al. (2015) hypothe-
sised that pockmark fields north of submarine canyons were formed by a
combination of mechanisms: gas hydrate dissociation / shallow gas vent-
ing, underlying structural controls, groundwater flux, and the interaction
of regional currents with the seafloor bathymetry. Her model of ground-
water flux suggested that the north-flowing Subtropical Front interacted
with the canyon bathymetry to induce greater groundwater flux through
the northern wall of the Waitaki Canyon; the interaction of this water with
the sediment wave field is proposed as the primary cause of depression
formation in the overlying seafloor (Fig 5.5).
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Figure 5.5.: Proposed pattern of groundwater fluid flux and its interac-
tion with buried sediment waves influencing the formation of seafloor
depressions north of the Waitaki Canyon. Solid arrows in (a) and (c) in-
dicate current flow, dashed arrows in (c) indicate subsurface fluid flux.
(a) Schematic map view of a shelf-incised submarine canyon, showing
the Subtropical Front and seafloor depressions north of the canyon.
(b) Bathymetric cross section of the Karitane Canyon, a more southern
member of the Otago Canyon System that is also incised into the shelf.
Note the similarity of this cross section to the seafloor profile of the Wait-
aki Canyon in 13PL235_10. (c) Cross section view of the interaction of
Subtropical Front water and buried sediment waves in the north wall of
a stylised submarine canyon and resultant seafloor depressions. Image
taken from Hillman (2014).
The location and linear arrangement of the depressions observed in the
15PL130 survey area suggest that an underlying linear structural feature
may be affecting the formation of these depressions, with the action of
marine currents affecting the subsequent morphology and shape of the
depressions but not their initial formation and development. Unfortu-
nately, sedimentary structures beneath the steeply dipping canyon walls
are extremely difficult to identify due to high noise levels, and no such
subsurface feature can be definitively identified (Fig. 5.6). The location of
the depressions along the top of a spur may allow for some disturbance of
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the seafloor by current-introduced fluid flux through the underlying sed-
iments; however the absence of more depressions on other spurs in the
Waitaki Canyon provides further evidence that it is not a primary factor
in their formation.
Figure 5.6.: Detail of seismic section 15PL130_26, cutting directly
through one of the spur pockmarks shown in Fig. 5.4 and showing
the unclear subsurface reflections.
5.3. Ancient canyons
5.3.1. Observations
5.3.1.1. Cross-shelf survey lines
The southern cross-shelf line 15PL130_01 contains a section, approxi-
mately 10 km long, dominated by a large structure interrupting the gen-
erally sub-horizontal reflections that extend from the inner to outer shelf
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(Fig. 5.7). This structure is not observed in the cross-shelf lines north of
the Waitaki Canyon (15PL130_04 and 13PL130_05).
The NW end of the structure, nearest to shore, contains a sequence of
reflections that are sub-horizontal and increase in dip as they continue
towards the shelf edge. Stratigraphically higher reflections do not typ-
ically truncate those beneath them, although this does occur in places.
Resolution is poor, with very low amplitudes in some regions making iden-
tification of distinct reflections extremely difficult.
The SE end of the structure near the shelf break also contains sub-horizontal
laterally continuous reflections; however, unlike the NW end, these re-
flections are truncated by the structure. At each truncation, the reflec-
tions above appear to be draped over the underlying reflections before they
themselves are truncated. Truncations are accompanied by high ampli-
tude reflections.
Figure 5.7.: Large near-surface feature in the 15PL130_01 southern
cross-shelf survey line.
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5.3.1.2. Cross-canyon survey lines
North Reflections are typically sub-horizontal north of the present-day
canyon (Fig. 5.8), increasing in dip closer to the canyon before being trun-
cated by the seafloor. Reflections often, although not always, conformably
overlie those beneath them. Breaks in slope from sub-horizontal to dip-
ping reflections are never observed further than approximately 1000 m
laterally from the present-day canyon edge, and in most cases the offset
is less than 500 m. Truncation of reflections by the canyon wall is not
generally observed, although there are occurrences of reflections being
truncated. Within sequences, the point where reflections change from
sub-horizontal to dipping seems to migrate south or remain in the same
place, with younger sediment being deposited conformably over the older
walls. Erosion at sequence boundaries has resulted in toplapping reflec-
tions.
Figure 5.8.: A typical seismic section through the northern canyon wall
(from line 13PL235_06) showing the subsurface features immediately
north of the canyon.
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South South of the present-day canyon, the stratigraphy is more varied.
In some parts it is similar to the north side; laterally continuous reflec-
tions dip down as they approach the present canyon before being trun-
cated, either by the modern canyon wall or a higher reflection, or are lost
in the increased noise beneath the extreme dips of the seafloor. In other
sections, reflections are chaotic and non-continuous, or display greater
vertical variation than is observed elsewhere. The undulating nature of
some of the reflections is similar to the seafloor profile in canyon-parallel
lines that are along the canyon wall, with abrupt changes in dip direction
and high angles (Fig. 5.9). There are numerous examples of truncations
and areas where no laterally continuous reflections can be observed.
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Figure 5.9.: (a) A detail of subsurface reflections immediately south of the
present head of the Waitaki Canyon. (b) A detail of the seafloor profile
from the BARQUE09_09 survey line which is located immediately above
the southern Waitaki Canyon wall. (c) The survey lines from which the
details in (a) and (b) were taken, with highlighted areas showing the
approximate extent of each section. Note - the two details shown are
plotted at vastly different scales, and are presented only to highlight the




The point of incision of the Waitaki Canyon into the shelf has remained in
approximately the same location since the late Pleistocene, whereas the
head of the canyon has probably occupied numerous locations over the
same time period, resulting in different thalweg paths with varying levels
of sinuosity.
The lateral stability of subsurface reflections on both sides of the canyon
in the outer shelf beyond the infilled structure, provides evidence support-
ing the model of a canyon with a relatively stable point of incision over an
extended period of time. The relative scarcity of sub-horizontal reflections
that are abruptly truncated by the canyon wall suggests that erosion on
the northern side of the canyon has not been extensive; rather, successive
cycles of incision and sedimentation have been confined to the same chan-
nel, with stratigraphically higher horizons typically draping above lower
ones and following similar profiles.
The large structure to the south of the canyon is interpreted as a sequence
of infilled paleochannels, representing at least three, possibly as many as
five, separate episodes of channel incision and at least partial infilling.
Each episode of channel incision has produced a feature that is both shal-
lower and narrower than the feature beneath, with the oldest and largest
feature spanning over 8000 m in breadth and an indeterminate depth,
whereas the youngest and smallest feature identified is slightly more than
3000 m in width and has a depth of approximately 100 m. Due to the lack
of data in the area south of the section in which the canyon is observed,
it is impossible to state with any great degree of confidence whether the
features are perpendicular to the section or whether they intersect the
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survey line at an oblique angle.
Three interpretations of this structure are presented: (1) an infilled shelf-
parallel channel (moat) system, (2) an infilled tributary of the existing
canyon and its predecessors, and (3) an infilled kink in the course of a
paleochannel.
5.3.2.1. Shelf-parallel channel system
A substantial shelf-parallel channel system would be expected to produce
a feature similar to that observed in 15PL130_01. The Southland Current
flows north at speeds of up to 13 cm/s along the continental shelf, affect-
ing water depths down to 900 m (Carter et al., 2004c). This current is
known to induce along-shelf sediment transport (Andrews, 1973; Carter
and Heath, 1975) that may create conditions conducive to development of
an along-shelf channel or canyon system (Lewis, 1982).
Despite this, it seems unlikely that the infilled channel feature is the result
of such a system for several reasons.
The only shelf-parallel canyon-like features that have been recorded in
the Canterbury Basin are moat-like channels associated with the Can-
terbury Drifts (Lu et al., 2003; Carter et al., 2004b; Lu and Fulthorpe,
2004; Carter, 2007). These moat/gutter canyons formed on the upper
continental slope in conjunction with the Canterbury Drifts, and were
up to 1000 m in width, greater than 100 m deep, and formed immedi-
ately up-slope of large sediment drifts. They confined and reinforced the
along-strike south-to-north flowing current, encouraging the northward
migration of the sediment drifts. While they are observed in seismic sec-
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tions near the study area, they occur at greater depths than those reached
by high-frequency boomer surveys.
Apart from their orientation, the drift-related moat channels share few
similarities with the features of the structure shown in Fig. 5.6:
• They span a shorter distance than all but the youngest near-surface
features.
• They are less deeply incised than all but the youngest near-surface
features.
• They were invariably incised into the slope beyond the shelf break
rather than into the continental shelf.
• They are mostly observed in sediment from the late-Miocene to early-
Pleistocene, whereas the near-surface feature occurs in late-Pleistocene
to Holocene sediment.
• They are invariably located immediately above large sediment drifts,
features which are not observed in the modern or recent shelf sedi-
ments.
• They are typically infilled with coherent reflections, while reflections
within the near-surface features are often chaotic.
As such, it is unlikely that the large feature observed in lines 15PL130_01
and 13PL235_05 is a similar feature to the drift-relatedmoat/gutter canyons
described in existing literature (e.g. Lu et al., 2003; Carter et al., 2004b;
Lu and Fulthorpe, 2004; Carter, 2007).
Furthermore, the Waitaki River is almost immediately across the shelf
from the present day canyon system. The presence of this significant
source of sediment (0.69 Mt/y prior to the Waitaki hydropower scheme
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(Hicks et al., 2011)) suggests that a dominant along-shelf channel sys-
tem from the south is unlikely, as the primary source of erosive material
would be entering such a system at a midpoint. Furthermore, the location
of the Waitaki Canyon at the northern end of the Otago Canyon System
requires that any along-shore sediment drift that would be captured by
such a channel would have to bypass several other canyons to reach it.
5.3.2.2. Non-axial tributary system
Submarine canyons can have tributary systems (channels and gullies)
that provide non-axial sediment pathways (Lastras et al., 2011; Obelcz
et al., 2014). The infilled channel system may represent such a feature
that provided a conduit for sediment transported northward along the
shelf by littoral processes and the Southland Current (SC). While the ori-
entation of the features that comprise the infilled channel system cannot
be determined with the limited spatial extent of subsurface information,
the symmetrical nature of the younger channel sequences suggests that
the processes which formed them were oriented approximately perpendic-
ular to the 15PL130_01 survey line and the present day Waitaki Canyon.
The older channel features are only clearly observed at the southeastern
end of the system, where successive episodes of incision and deposition
have resulted in clearly defined sequences of channel incision and infill.
At the northwestern end of the system these older episodes of incision
and infill are not imaged at all clearly in the seismic section, with chaotic
and incoherent reflections dominating the areas where the opposing wall
of a symmetrical canyon-perpendicular feature would be expected to be
observed. No such large asymmetric features have been described be-
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neath the Otago Shelf in any previous research, suggesting that while the
younger features may be perpendicular to the canyon, it is unlikely that
the infilled channel system shown in Fig. 5.7 represents an axial channel
several kilometres wide.
Furthermore, if an along shelf channel of that size were to be interpreted
it would likely be larger than any across-shelf canyons, and thus would
not fit the definition of a tributary. Instead, it would be categorised as a
shelf-parallel channel system, as suggested in the previous section.
5.3.2.3. Thalweg kink
As described in section 5.3.2.2, the younger features are approximately
symmetrical and may have been perpendicular features that acted as trib-
utaries to the main canyon. The proposed explanation for the asymmetric
nature of the older features is that the well-preserved features in the SE
are canyon walls that are obliquely intersected by the 15PL130_01 sur-
vey line, whereas the poorly preserved chaotic features to the NW are not
the opposite walls of a large perpendicular channel feature but are in-
stead the poorly preserved upper reaches of a paleo-channel that followed
a path close to that of the survey line.
The 15PL130_01 survey line is therefore interpreted as following approx-
imately the thalweg of an ancient infilled channel, the head of which was
located at a point WSW of the present-day canyon head but which has
a kink in it so that the point of incision into the shelf is approximately
the same as the present day canyon (Fig. 5.10). Kinked and meandering
channels are globally observed to be features associated with submarine
canyons (Harris and Whiteway, 2011), including in the deeper reaches of
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the Waitaki Canyon itself (see Fig. 5.2).
Figure 5.10.: The proposed progression from a kinked thalweg to a pri-
mary canyon with an axial gully to the present single channel canyon.
(a) The canyon initially incises perpendicularly into the shelf before
curving in a shallow S shape, resulting in the head of the canyon being
offset south of the point of incision. (b) The canyon transitions to a more
linear shelf-perpendicular channel with a smaller axial channel. (c) The
axial channel is infilled, leaving the present arrangement where a single
primarily linear channel is incised perpendicularly into the shelf.
Three routes are suggested for a possible sequences of events that led to
the transition from a kinked channel to a linear one. Abandonment and
infill of the previous canyon head during a period of increased sediment
input, subsequently followed by re-incision in a more northern location,
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would result in the canyon transitioning from a shallow S-curved form to a
linear one. A gradual northwards migration of the canyon head, possibly
in response to the prevailing north flowing Southland Current, would cre-
ate a more linear path by slowly straightening out the curve of the thalweg.
Finally, sedimentation in the uppermost reaches of the S-curved canyon




At least six sequence boundaries (U1-U6) have been interpreted, both
north and south of the Waitaki Canyon. They can be observed in cross-
shelf survey lines as continuous high-amplitude reflections (Figs 5.11,
5.12). However, these reflections are not all observed across the entire
width of the shelf as they sometimes merge or are truncated by other re-
flections. The reflections, interpreted as sequence boundaries, have their
greatest separation at outer regions of the shelf. Some of the reflections,
especially the ones representing the most recent surfaces, are observed
to undulate significantly more than the older ones. At the northwestern
end of the survey lines the separations decrease, generally resulting in
stratigraphically higher boundaries onlapping those beneath them.
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(a) Detail of sequence boundaries in the mid-shelf section immediately west of the
infilled channel feature in line 15PL130_01.
(b) Sequence boundaries interpreted in the northern cross-shelf survey lines,
15PL130_04 and 15PL130_05.
Figure 5.11.: The six sequence boundaries interpreted in the vicinity of
the Waitaki Canyon.
Reflections in cross-canyon survey lines that are not directly influenced
by the presence of the canyon are sub-horizontal and sub-parallel, and
the relationships between sequences remain similar along the shelf. This
is probably influenced in part by the shorter distances covered along the
shelf than across by the two boomer seismic surveys used for this re-
search. However, the sub-parallel nature of the reflections observed in
the cross-canyon survey lines, and the similarities between the cross-
shelf survey lines, which are separated by approximately 10 km, suggest
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that any along shelf variation in seismic sequences occurs over distances
greater than those surveyed by either boomer survey.
U1 The youngest sequence boundary fluctuates between 10 and 20 ms
below the seafloor across most of the central shelf, rising to and intersect-
ing with the seafloor approximately mid-way across the shelf at a water
depth of around 50m (i.e. return time of approximately 60ms). The reflec-
tion contains a distinctive “step” in all cross-shelf lines that approximately
coincides with a less well defined drop in seafloor depth.
The reflection is often difficult or impossible to identify within “ringing”
observed around the seafloor reflection, particularly in deeper parts of
the shelf where the ringing affects the trace for over 5 ms beneath the
seafloor.
U2 At its western end, this reflection converges toward and possibly is
truncated by the U1 boundary. The total westward extent of the reflec-
tion, and whether it is in fact truncated by the U1 boundary, is difficult
to ascertain as the reflection becomes lost in noisy ringing beneath the
seafloor. The reflection has a less pronounced step than U1, although
it is still present in the same location. East of this step the reflection
becomes increasingly undulating in nature before curving down as it ap-
proaches the mid-shelf channel system; beyond the channel the reflection
rises again and continues to the shelf break.
U3 The U3 surface does not contain the step feature of the U1 and U2
surfaces. Because of the absence of this feature, the separation between
91





































the U2 and U3 surfaces differs, with a separation of between 10 and 15ms
on the inner shelf that decreases to between 5 and 0 ms beyond the step.
The U3 reflection appears to onlap the underlying U4 surface at its west-
ern end, approximately 14 km east of the modern shoreline. As with
the U2 reflection, the U3 reflection also undulates more beyond the step
feature, and before the reflection becomes impossible to distinguish from
that of the U2 reflection above. It is not clear whether (a) the U3 reflection
is truncated by the U2 reflection, (b) the U3 reflection truncates the U2
reflection itself, or (c) the U2 and U3 reflections are concordant with a
separation too small to be resolved using the survey methods employed.
The U3 surface may continue eastwards to the same extent as the U3 sur-
face; however, the reflection decreases in amplitude as it enters the region
containing the infilled channel system and cannot be traced continuously
to the edge of the most readily identifiable channels. A low-amplitude
laterally continuous reflection is identifiable near the edge of an infilled
channel at a time that would be congruous with a continued U3 sur-
face; however, it is separated from the primary U3 reflection by a region of
low-amplitude signal. The continuation or otherwise of the U3 boundary
is similarly difficult to identify beyond the channel complex, although a
reflection is interpreted as U3. This probable continuation of the U3 re-
flection appears to merge with the U2 reflection and there is no readily
identifiable diverging reflection before the shelf break.
U4 The U4 reflection is laterally continuous across much of the shelf,
except where it is interrupted by the channel system. The amplitude of
the reflection decreases nearer to shore, and the separation between the
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U4 and U3 reflections decreases. The continually decreasing separation
towards the west suggests that at some point the two surfaces may merge,
although the decreased amplitude at the western extent of the survey lines
does not allow confirmation of this.
As with the U3 reflection above, a region of low-amplitude reflections pre-
vents the U4 reflection from being continuously interpreted laterally up to
the western edge of the infilled channel system in the 15PL130_01 survey
line. However, there is a reflection that is congruous with a continued
U4 surface that dips westward and displays similar characteristics to the
primary U4 reflection.
In outer parts of the shelf, the U4 reflection appears to extend towards
and beyond the present-day shelf break.
U5 The U5 reflection is most clearly observed west of the infilled channel
system in line 15PL130_01, where it can be traced westwards until the
signal amplitude is too low for any features to be discerned with certainty.
The reflection is abruptly ended by a region of low amplitude reflections
just west of the infilled channel system, but is inferred to curve downwards
towards the channel system. Between the infilled channel system and the
shelf break, the U5 surface continues and descends down beneath the
slope. North of the Waitaki Canyon, the U5 reflection is laterally continu-
ous across the entire breadth of the shelf.
U6 The U6 surface is only partially interpreted in the 15PL130_01 sur-
vey line, although where it is seen it is a high-amplitude reflection. In
the 15PL130_04/05 line, the U6 reflection is observable across the entire
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breadth of the shelf before amplitudes decrease too much just west of the
shelf break.
5.4.1.2. Internal characteristics of seismic sequences
Cross-shelf survey lines have proved to be the most useful when investi-
gating the internal characteristics of sequences for two reasons: (1) they
are longer than along-shelf lines (>30 km versus <10 km) and (2) they are
perpendicular to the progradational shelf-building features that dominate
the recent history of the Otago Shelf.
Reflections in all sequences dip eastwards, although the angle of dip varies
between sequences (Fig. 5.13). Reflections in 15PL130_01 between U4
and U5 have an especially pronounced dip west of the infilled channel
system, whereas reflections between U1 and U2 are sub-parallel with the
sequence boundaries and at times appear to lie concordantly over the U2
surface. Most sequences do not have a uniform thickness across the shelf.
Instead they are thinner in the west and thicken as they extend outwards
across the shelf.
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(a) Uninterpreted section
(b) Interpreted
Figure 5.13.: Uninterpreted (a) and interpreted (b) sections from the
15PL130_01 survey line, showing sequence boundaries and interior




Lu and Fulthorpe (2004) describe ten regional unconformities and sev-
eral localised unconformities in the Canterbury Basin since 3.7 Ma that
are characterised by continuous, high-amplitude reflections. They in-
terpreted these unconformities as sequence boundaries; the reflections
within sequences are oblique and downlap onto the underlying unconfor-
mity, indicating that during the time period spanned by these sequences
most sediment accumulation occurred concurrently with falling relative
sea level. Osterberg (2006) also describes a number of sequence bound-
aries in the near-surface Quaternary shelf sediments just north of the
Otago Peninsula.
The surfaces identified in the 15PL130 cross-shelf lines exhibit similar
characteristics to some of the youngest unconformities identified by Lu
and Fulthorpe (2004). Those unconformities were identified as fourth,
fifth, and possibly sixth order sequences that represent rapid prograda-
tion of the continental shelf controlled by glacio-eustatic processes during
the late Pleistocene. The sequence boundaries and features described by
Osterberg (2006) also have similarities to those described in this research,
and were probably formed at the same time as those around the Waitaki
Canyon.
The “step” features observed in surfaces U1 and U2 are interpreted as
lowstand paleoshorelines, with similar features being interpreted as such
by Osterberg (2006).
The routinely eastward-dipping reflections observed in each of the se-
quences in the 15PL130 cross-shelf lines are consistent with a basinward-
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prograding shelf caused by consistent sediment influx and rising sea lev-
els. The apparent truncation of in-sequence reflections by sequence bound-
aries and the thin nature of many of the sequences supports the idea that
increase in the frequency and amplitude of eustatic changes throughout
the late Pleistocene have had a large effect on the evolution of the Otago
Shelf during that time. Osterberg (2006) concluded that the Otago conti-
nental shelf is tilting eastwards under the weight of the marine sedimen-
tary column, pivoting on a point near the modern shoreline, which may




The scope of this thesis has been framed using three initial questions
which were stated at the beginning of section 1.1. Those questions are
here re-stated along with brief summaries of the answers suggested by
this research.
1. How has the physical expression of the Waitaki Canyon developed
and evolved throughout its existence? It has been a stable feature of
the continental shelf since at least the late Pliocene, and the main
features of the canyon have remained largely the same as they are in
the present day.
2. What factors have been most influential in the development of the
Waitaki Canyon? Climatic variation and consequent changes in sea
level and sediment supply seem to have had the greatest influence
on the evolving form of the Waitaki Canyon. The influence of water
currents associated with the Subtropical Front is probably not neg-
ligible, but is likely to have been small compared to changes in sea
level and sedimentation rate. Apart from the relatively constant sub-
sidence of the Canterbury Basin and the renewal of sediment sources
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in the Southern Alps, tectonic influences have not directly impacted
the canyon’s development.
3. Are sediment transport processes currently active within the Wait-
aki Canyon? The extent to which sediment transport processes are
active at the present time is difficult to ascertain with the tempo-
rally and spatially limited data available for this research; however,
the modern Waitaki Canyon has some characteristics that suggest
that some activity may be occurring. Further research is needed to
identify the extent and nature of such activity if it is indeed present.
The remainder of this chapter presents the conclusions from the discus-
sion of interpretations in the previous chapter plus a number of recom-
mendations for future research in the area. Section 6.2 presents the find-
ings related to the present-day features of the Waitaki Canyon and sur-
rounding seafloor. Section 6.3 presents the conclusions related to paleo-
canyons and infilled channels. Section 6.4 presents the findings related to
the stratigraphy of the adjacent shelf. Finally, section 6.5 presents a num-
ber of recommendations regarding possible directions for future research
that have been informed by the work undertaken during the production
of this thesis.
6.2. Present-day Waitaki Canyon
The present-day Waitaki Canyon is a type I canyon system (Harris and
Whiteway, 2011) with a V-shaped profile in the shelf-incised section and
a broader U-shaped profile beyond the modern shelf break. The V-shaped
profile of the upper canyon suggests that the canyon is active to some
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degree in the present day (Brothers et al., 2013). Despite this, there is
little evidence of recent mass gravity flows from the MBES data acquired
during the 15PL130 cruise. This may be due to processes such as tidal
or density driven bottom currents that do not produce significant discrete
events and therefore do not create large-scale seafloor features.
The presence of seafloor depression features similar to those studied by
Hillman (2014) ongoing or recent fluid flux through the near surface in
sediments immediately adjacent to the canyon. Such an interpretation is
supported by the identification of subsurface features that enhance fluid
flow in some locations (Hillman et al., 2015).
6.3. Ancient canyons
The Waitaki Canyon has been a significant, and relatively stable, feature
of the northern Otago Shelf since at least the late Pleistocene. Despite,
or possibly because of, increasing climatic variation and tectonic conver-
gence during this time period, the canyon’s position has remained rela-
tively stable on the continental margin through several cycles of marine
transgression and regression.
The infilled channel feature observed in 15PL130_01 hasmultiple possible
explanations for its formation, the most probable of which is a combina-
tion of a slight deviation (kink) in the path of the canyon and in more
recent times a non-axial tributary/gully system. The other proposed ex-
planations for a substantial shelf-parallel channel system are thought to
be unlikely due to the presence of several canyon systems already in exis-
tence south of the Waitaki Canyon and the presence of the Waitaki River
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as a sediment source to the ancient canyon system.
The presence of a long-lived canyon system on the Otago Shelf is not with-
out precedent, with Gray (1993) having found evidence suggesting an ac-
tive Karitane Canyon since at least 2.4 Ma, and possibly since as early as
4.2 Ma.
The lack of significant lateral migrations of the channel is surprising given
the high amplitude and frequency of climatic and sea level fluctuations in
the region and the consequent changes in sediment input from the South-
ern Alps. This relative stability is attributed to a number of factors: (1) a
spatially stable point source of sediment in the Waitaki River encourages
incision in a limited area; (2) once channel formation begins, sediment
transport and incision are preferentially focused in that location; (3) re-
worked and newly deposited sediments found within channels during pe-
riods of inactivity are more poorly consolidated than surrounding shelfal
sediments and are more easily removed by renewed erosive activity.
6.4. Shelf stratigraphy
The sedimentary sequences imaged during the 13PL235 and 15PL130
surveys represent several high-order cycles spanning the late Pleistocene
to present. The limited penetration of the boomer seismic source pre-
cludes the correlation of sequences with well data, despite intersections
between 15PL130 survey lines and industry well tielines. This makes
definitive identification and dating of sequences impossible. Fortunately,
the high resolution of the data enables unique identification of the rela-
tively thin sequences that reflect the high frequency, high amplitude fluc-
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tuations in sea level that are characteristic of the late Pleistocene climate
(Carter et al., 2004b).
The similar characteristics (e.g. scale, depth, presence of paleoshorelines)
of the upper sequences described in this research to those described by
Osterberg (2006), along with the short distance (<100 km) separating the
two locations, make it probable that the same sea level fluctuations de-
scribed therein are responsible for both sets of sequences. Those sea level
fluctuations produced lowstands of between 100 and 135 m below mean
sea level, during which landward-pinching deltaic wedges were deposited
on the outer shelf and fluvial incision occurred on parts of the shelf that
were subaerially exposed (Osterberg, 2006).
6.5. Recommendations for future work
This research has uncovered interesting details concerning the seafloor
features in the vicinity of the Waitaki Canyon. However, more research
is required to better understand how and why these features have de-
veloped. Suggested research aims for future work include using existing
high-resolution seismic images of canyon architecture to develop a greater
understanding of canyon- and shelf-building processes on a shelf with a
sediment supply that is dominated by glacially derived material.
The biggest challenge to furthering the understanding of how the Wait-
aki Canyon has developed is the relative paucity of high resolution seis-
mic data from the surrounding shelf areas. The 13PL235 and 15PL130
boomer seismic surveys have covered the head of the canyon with a set
of closely spaced seismic lines, but there is a scarcity of high-resolution
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data immediately north, south, and west of the present day canyon. These
data gaps limit the confidence with which conclusions can be drawn about
the geometry of the Waitaki Canyon throughout the Pleistocene, and thus
limit our understanding of how sediment has been stored and transported
on the northern Otago continental shelf over this time.
To assist in establishing whether or not the Waitaki Canyon is currently
active, and which processes are involved in either case, greater resolution
and coverage of MBES data is required. The lack of high-resolution MBES
data limits our ability to draw conclusions about themodern activity in the
Waitaki Canyon and on the surrounding shelf. The MBES data collected
during the 15PL130 survey is interesting, but ultimately the limited depth
of soundings from the unit used and the restricted area of the surveymean
that any features <100 m in scale from deeper sections of the canyon
remain unseen.
Further to this goal, collection of samples from the base and walls of the
Waitaki Canyon would assist in establishing the level and type of activity
in the modern canyon. A series of piston or gravity cores from the head
and base of the canyon may allow quantitative analysis of sediment types
to be conducted, assisting in understanding the source of the sediment
that ultimately passes through the canyon. Along with piston cores, box
cores that retain the small scale features of the seafloor would enable
observation and analysis of any features such as ripples or graded bedding
that may be a product of recent or ongoing sedimentary processes and
allow analysis of the energy levels of any bottom currents that may be
created by tides, ocean currents, or density flows.
The suggested research has both academic and industrial value. An in-
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6.5 Recommendations for future work
creased understanding of the processes involved in canyon development
and the factors that influence shelf evolution is an important part of un-
derstanding how marine sedimentary environments respond to eustatic,
tectonic, and sediment supply changes. Canyon systems are also of in-
terest to the hydrocarbon industry; ancient systems can create petroleum
plays and affect fluid flow in the subseafloor. Therefore, a greater under-
standing of how these features form and evolve can inform exploration
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B. 15PL130 survey SEG-Y data
Stored in the Otago University Data Archive.
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